The kilonova associated with the neutron star merger GW170817 provides us with several hints to elucidate the nature of the r-process in the universe. In this article, we inspect the radioactive isotopes that powered the kilonova emission, provided that the merger ejecta consisted of material with a solar r-like abundance pattern. It is suggested that the early (1-10 days after merger) kilonova emission is mainly due to the β-decay chain 66 Ni → 66 Cu → 66 Zn, which can be the source of the steepening of the light curve at about 7 days. The late time (> 10 days) heaing is attributed to the α-decay and fission ( 254 Cf) of trans-Pb species (in addition to β-decay), which can be the signature of r-processing beyond the heaviest stable elements. This article summarizes a recent work by the author [1] with the additional calculations of kilonova light curves by using a numerical code in [2] .
Introduction
The discovery of a kilonova [3, 4] , the electromagnetic counterpart of the gravitational wave signal from the neutron star merger GW170817 [5] , gives us a unique opportunity to directly inspect the r-process nucleosynthesis in the universe. The luminosity of the kilonova indicates the ejecta mass of M ej /M ⊙ = 0.03-0.06 [6] [7] [8] [9] , which points an ejection of material from the post-merger accretion disk [10] [11] [12] [13] [14] [15] [16] in addition to the early dynamical ejecta [17] [18] [19] [20] [21] [22] [23] . Its spectral evolution suggests the lanthanide mass fraction of X lan = 0.001-0.01 [7, [24] [25] [26] , which confirms the production of the heavy elements with Z ≥ 57 (A ≥ 139). An identification of Sr has recently been reported by inspection of the highly Doppler-shifted spectra of the kilonova ejecta [27] . Nevertheless, an evidence of the production of the heaviest r-process elements such as gold and uranium is still missing. Furthermore, no information of the nucleosynthetic abundance distribution has been obtained, which in fact determines the radioactive heating rate for the kilonova emission. Here we try to identify the dominant radioactive species that powered the kilonova emission of the merger GW170817. The merger ejecta are assumed to be composed of material with a solar r-like abundance pattern, in light of the spectroscopic study of r-enhanced stars in the Milky Way (MW) halo [28] . This article summarizes the work in [1] with updates by including the kilonova light curves computed with a numerical code in [2] .
Models and nucleosynthesis
Thermodynamic histories of the ejecta are obtained from a free expansion model (FE) [1] , in which the density and temperature are calculated from a suite of three parameters, i.e., expansion velocity (v), initial entropy (S ; in units of Boltzmann constant per nucleon), and initial electron frac- [29] , which are vertically shifted to match the abundances at A = 138. tion (Y e ). The adopted ranges of parameters are (v/c, S , Y e ) = (0.05-0.30, 10-35, 0.01-0.50) with the intervals (∆v/c, ∆S , ∆Y e ) = (0.05, 5, 0.01), 1800 FEs in total, which cover those predicted from the recent hydrodynamical simulations of neutron star mergers. Temporal evolution of 6300 isotopes for each FE is computed by using an up-to-date reaction network code described in [1] .
In this study, we assume that the ejecta from a neutron star merger compose of material with a solar r-like abundance pattern, according to the spectroscopic studies of r-enhanced stars in the MW halo [28] . The r-residuals to the solar system abundances in [29] are taken to be reference for this purpose. Two cases with different minimum A are considered: a) A min = 69 and b) A min = 88 (Table I ). The reason for these choices is twofold. First is due to few measurements of elements lighter than Sr (A = 88) in MW halo stars (except for Ga and Ge in several stars based on only single lines) [28, 30] . Second is that the isotopes with A < 88 can be made in nuclear statistical equilibrium (NSE) or nuclear quasi-equilibrium (QSE), a different condition from an r-process [31] [32] [33] . For both cases, the maximum A is taken to be A max = 205 because of large uncertainties in the r-residuals of Pb and Bi ( Fig. 1 ). Radioactive species Th and U are not included, either.
For each case, a multi-component FE (mFE) is constructed by fitting a linear combination of all FEs to the r-residuals. The final abundance distributions (after decay) are in reasonable agreement with those of the r-residuals between A min and A max for both cases (mFE-a and mFE-b), as can be seen in Fig. 1 . Moreover, we find that the nuclei with A < A min and A > A max are co-produced: Fe-group (for mFE-a) and trans-Pb nuclei. For mFE-a, the isotopes with A = 48-68 are made with the first-peak abundances of r-residuals (A ∼ 80) under similar physical conditions (NSE or QSE). The resultant mass fractions of lanthanides for mFE-a and mFE-b are X lan = 0.014 and 0.086 (Table I) , respectively. The former (mFE-a) is in marginal agreement with the inferred value for the kilonova of the merger GW170817; the latter (mFE-b) is too large to be a reasonable model for this event.
Radioactive heating rates
The heating rates from the decays of radioactive isotopes are computed for each case (mFE-a or mFE-b) as an ensemble of those in all FEs. The resulting mass fractions of several important radioactive isotopes at 0.1 days are listed in Table I. 3.1 β-decay 10 −1 10 0 10 1 10 2 t (days) 10 The heating rates from β-decay are shown in Fig. 2 , where the total and individual rates are indicated by black and colored lines, respectively. On the one hand, for mFE-b, the total heating rate from β-decay approximately follows the power law as suggested in previous works [20, 34] because of the contribution of a number of isotopes around the second peak (A ∼ 130) with different halflives. On the other hand, for mFE-a, the total heating rate exhibits a bump at several days, because of the dominant decay chain 66 Ni (2.28 d) → 66 Cu (5.12 m) → 66 Zn and in part 72 Zn (1.94 d) → 72 Ga (14.1 h) → 72 Ge; the power law cannot be taken as an approximation for this case. It should be noted that, for both mFE-a and mFE-b, these results are robust because of the experimentally evaluated half-lives and decay energies for the relevant isotopes (close to the β-stability).
α-decay and fission
Spontaneous fission and α-decay of trans-Pb isotopes are suggested to be the heating sources of a kilonova at late times (> 10 days) [1, 20, [35] [36] [37] . Fig. 3 displays the nuclear abundances of trans-Pb species at different times for mFE-a and mFE-b, both of which exhibit almost the same abundance patterns but with different amounts (about 6 times greater for mFE-b). We find that the distribution extends to A = 266 including several Cf and Fm isotopes. It should be noted that the distribution of trans-Pb isotopes as well as the maximum A is highly sensitive to the nuclear inputs such as the masses and fission barriers [38, 39] . Fig. 4 shows the total and individual heating rates from α-decay and fission for mFE-a; those for mFE-b are almost the same except for their 6 times greater values. The relatively longer half-lives of dominant contributors than those for β-decay make their role important at late times (> 10 days) [20, 35, 39] . We find from Fig. 4 (left) that the four α-decay chains (starting from those in Table I 
Kilonova light curves
The kilonova light curves for mFE-a and mFE-b are computed by using the numerical code described in [2] (Fig. 5) . The ejecta masses are taken to be M ej /M ⊙ = 0.07 and 0.06, respectively, so that the light curve matches the inferred bolometric luminosities of the kilonova between 1 day and 10 days after merger (GW170817) [26] (see the figure caption for other parameters). For α-decay, the four decay chains from 222 Rn, 223 Ra, 224 Ra, and 225 Ra (Table I) (Table I) is considered, because the contribution of other (Fm) isotopes is owing to the highly uncertain β-decay half-lives that are theoretically predicted (although such a possibility cannot be excluded).
We find that, when only β-decay is included (dashed line), both mFE-a and mFE-b give consistent results with the kilonova luminosity between 1 day and 15 days (circles with error bars). The former (mFE-a) is still in agreement with the observation when including the contributions of α-decay (dot- ted line) and fission (solid line). However, mFE-b overpredicts the luminosity at 10-15 days when α-decay and fission are considered. The measurements at 43 days and 74 days in infrared (4.5 µm; triangles) [40] , placing the lower limits to the bolometric luminosities, are consistent with both cases. The inferred bolometric luminosities (squares) by [40] , which should be taken with a caution (estimated from only a single band; 4.5 µm), also are in reasonable agreement with mFE-a (when α-decay and fission are included) and mFE-b (when only β-decay is considered). As noted in § 3.2, the abundance distribution of trans-Pb isotopes and thus their contribution to the heating are highly sensitive to the inputs of nuclear data. Therefore, we consider a possible range of the bolometric luminosity at late times as what follows (see [1] for more detail). We can obtain a constraint to the range of the ratio Th/Eu from the spectroscopic studies of MW halo stars (and those in the ultra-faint dwarf Reticulm II; 24 stars in total [41] ) among r-enhanced stars. Th and Eu are taken to be representative of trans-Pb and lighter elements, respectively. The gray shaded region in Fig. 5 represents the obtained range of the bolometric luminosity when the ratio of trans-Pb/Eu is scaled to Th/Eu. The overprediction of the light curve at 10-15 days in mFE-b is still evident when the range of the trans-Pb production is considered, while that in mFE-a is in agreement with the observation.
Summary

